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Sodium-dependent phosphate transport in a rat kidney
endosomal fraction
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Sodium-dependent phosphate transport in a rat kidney endosomal
fraction. An endosome-enriched fraction was prepared from rat kidney
cortex by a standard procedure employing centrifugation on a Percoll
gradient. This fraction showed time-dependent accumulation of inor-
ganic phosphate (Pi) which was stimulated two- to threefold during the
initial phase by an inwardly directed Na gradient. Na' gradient-
dependent Pi accumulation decreased with increasing medium osmolal-
ity and Pi binding accounted for only 16% of the total accumulation at
two minutes. Like the Pi transporter in the brush border membrane
(BBM), the Na gradient-dependent Pi uptake (but not the Na-
independent component) by the endosomal fraction was stimulated by
intravesicular Pi and by an outwardly directed proton gradient, and was
inhibited by extravesicular arsenate. Unlike the Pi transporter in BBM,
the endosomal Pi transporter was not changed by acidic pH under
non-gradient conditions. Activation of the endosomal proton pump by
extravesicular ATP, leading to acidification of the vesicle interior, was
accompanied by stimulation of endosomal Na gradient-dependent Pi
transport. Inhibition of the proton pump by deletion of chloride or
addition of N-ethylmaleimide abolished the stimulation of Pi uptake by
ATP. The data indicate that the Nat-dependent Pi transporter in renal
endosomal fractions is an intrinsic endosomal component. It remains to
be determined if the endosomal Pi transporter plays a role in regulation
of renal Pi transport.
The shuttling of membrane transporters between an intracel-
lular pool and the plasma membrane may be an important
intracellular mechanism for rapidly changing the transport
capacity of the plasma membrane [I]. Some of the best evi-
dence for this mechanism is derived from studies on the
insulin-regulated glucose transport system in adipocytes. Re-
cent work with a non-permeant surface label [2] supports
previous conclusions [3] that glucose transporters move from
an intracellular pool to the plasma membrane in response to
insulin.
Evidence, both direct and indirect, is accumulating that a
similar mechanism may occur in renal cells. Antidiuretic hor-
mone, for example, appears to stimulate insertion of water
channel proteins into the luminal membrane of the renal col-
lecting tubule and the toad urinary bladder [4, 5]. More recent
studies suggest that a shuttle mechanism may be involved in the
modulation of calcium transport by parathyroid hormone in
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distal tubular cells [6], and the regulation of Na/H exchange
by angiotensin [7] and parathyroid hormone [8] in proximal
tubular cells.
The transport of inorganic phosphate (Pi) in the proximal
tubule is regulated by many different factors, both slow and
rapidly acting [9, 10]. Rapidly acting regulators, such as para-
thyroid hormone, may act via a shuttle mechanism to remove or
add P1 transporters to the plasma membrane. This process
would not require synthesis of new transporter proteins. Evi-
dence which supports, indirectly, the possibility that parathy-
roid hormone may regulate renal P1 transport by stimulating
endocytic removal of Na/Pi cotransporters from the apical
brush border membrane is provided by the observations that
blockade of endocytosis interferes with the action of the hor-
mone [II]. Also consistent with this idea is the recent report
that parathyroid hormone action on the kidney is accompanied
by a decrease in density of Na/Pi cotransporters in the brush
border membrane, based on binding studies with phosphono-
formic acid [12].
If Na/Pi cotransporters are retrieved from the brush border
membrane, they should be present in endocytic vesicles. In this
study we have prepared an endosome enriched fraction from rat
renal cortex to determine if a Pi transport system is present.
Methods
A fraction enriched in endosomal vesicles was isolated from
rat renal cortex by the procedure of Sabolic et al [13, 14], as
follows. Male Sprague-Dawley rats weighing 250 to 270 g were
anesthetized and kidneys removed. The cortical tissue was
dissected out and homogenized in 35 ml of homogenizing buffer
(300 mrvi mannitol, 12 mM Hepes, pH adjusted to 7.4 with Tris)
with 10 strokes in a loose fitting glass homogenizer. An addi-
tional 35 ml of homogenizing buffer was added and the homoge-
nate was centrifuged at 2,500 g for 15 minutes. The supernatant
was removed and centrifuged at 20,000 g for 20 minutes. The
resulting supernatant was removed by aspiration. The lightly
packed, upper yellow layer of the pellet was separated from the
dark mitochondrial pellet by careful shaking in a small volume
of homogenizing buffer. The dark pellet was discarded. The
suspended material was made up to a final weight of 32 g by
addition of homogenizing buffer. Percoll solution (6.1 g) was
added to the suspension to give a final concentration of 16%
(wt/wt) Percoll. The suspension was carefully mixed and then
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centrifuged at 48,000 g for 30 minutes. For preparative pur-
poses, the lower 4 ml of the gradient, which contained high
proton pump and low alkaline phosphatase activity, was col-
lected and diluted to 30 ml with loading buffer, usually 300 mM
mannitol, 12 m'vi Hepes-Tris, pH 7.4. The sample was kept on
ice for 30 minutes and then centrifuged at 48,000 g for 30
minutes. The supernatant was removed by aspiration, and the
membrane pellet was resuspended in a small volume of buffer
giving a final protein concentration of 10 mg/mi.
Brush border membrane vesicles was prepared from rat
kidney cortex by magnesium precipitation, as described previ-
ously in detail [15]. The protein concentration in the final
membrane suspension was 14 mg/mI. Enrichment of alkaline
phosphatase in the brush border membrane fraction compared
to starting homogenate was 12 2 (mean SE, N = 7).
In some experiments (Results) the membrane vesicle prepa-
rations were loaded with buffer of a specific composition or pH.
This was achieved by suspending the final high speed mem-
brane pellet in 30 ml of the appropriate buffer and leaving the
suspension for 30 minutes at room temperature. At the end of
this time the membrane vesicles were recovered by centrifuga-
tion, resuspended in the required volume of buffer, and stored
on ice until used for transport studies.
The standard transport assay, described previously [15, 16],
was initiated by adding membrane vesicles (0.1 mg protein/
tube), usually suspended in 300 mM mannitol, 12 ma't Hepes-
Tris, (pH 7.4), to a solution which contained (final concentra-
tions) 100 mrvi NaC1, 100 mtvi mannitol, 5 mM Hepes-Tris, pH
7.4, and K2H32P04. The latter was used at a final concentration
of 0.1 mit unless stated otherwise. Final volume was 0.045 ml.
In some experiments, a nucleotide such as ATP was present at
a final concentration of 2.5 mrs'i. Transport was stopped by
addition of 3 ml of ice-cold stop solution containing 135 mM
NaCI, 10 mt'i KH2AsO4, 5 mrvi Hepes-Tris, pH 7.4, followed by
rapid filtration through a 0.65 tm Millipore filter. The filter was
washed three times with 3 ml of stopping solution and was
prepared for liquid scintillation counting. Nat-independent Pi
transport was determined by replacing NaCI with KCI in the
extravesicular solution. Transport studies always were per-
formed in the presence of extravesicular chloride ions except
for those depicted in Table 4. In these chloride deletion studies,
extravesicular NaCl was omitted and was replaced with sodium
gluconate at an equimolar concentration. All uptakes were
corrected for non-specific binding to the membranes and filters
[15, 16]. Transport of D-glucose was performed with an identi-
cal procedure using D-[3H1-glucose. The final glucose concen-
tration was 0.05 mM.
In some experiments the total Pi content of the incubation
mixture was determined in parallel with Pi uptake studies using
an identical set of tubes. The incubations were initiated as
above and were stopped at various times by addition of 0.10 ml
ice-cold 6% perchloric acid. After brief centrifugation (13,000 g
for 2 mm) the Pi content of the clear supernatant was measured
by the colorimetric assay described previously [17].
Proton pump activity in endosomal fractions was determined
as described previously [13, 14]. Briefly, 10 d of endosomal
vesicle suspension (50 to 100 p.g protein), loaded with 300 mt
mannitol, 5 mrt Hepes-Tris, pH 7.0, were added to 1.0 ml of
solution containing 150 mrt KCI, 5 mivi MgSO4, 50 mM Hepes
(pH adjusted to 7.0 with Tris), and 6 LM acridine orange. The
Table 1. Enrichment of marker enzymes in endosomal membrane
fractions
Marker Enrichment factor N
Proton pump 11.4 1.0 6
Gamma-glutamyl transpeptidase 1.4 0.1 9
Alkaline phosphatase 2.1 0.3 11
Acid phosphatase 1.0 0.2 7
Na/K-ATPase 0.9 0.2 7
Glucose-6-phosphatase 0.8 0.2 3
Galactosyltransferase 0.8 0.1 4
Succinate-cytochrome c oxidoreductase 0.13 0.02 2
Values are means SE for the number of separate experiments
indicated by N. Enrichment factor is the ratio of activity in the
endosomal fraction compared to activity in the cortex homogenate.
fluorescence of this mixture was measured in a model LS5
fluorescence spectrophotometer (Perkin-Elmer Corp., Nor-
walk, Connecticut, USA) using 490 nm for excitation and 530
nm for emission. After attaining a stable baseline fluorescence,
20 p1 of 50 mi ATP (Mg2 salt) was added and the decrease in
acridine orange fluorescence was recorded. As reported previ-
ously [13], fluorescence quenching was reversed completely by
addition of 2.5 M carbonyl cyanide p-chloromethoxyphenyl-
hydrazone indicating H1 uptake into an intravesicular space.
Protein, alkaline and acid phosphatases, gamma-glutamyl
transpeptidase, Na/K-ATPase, glucose-6-phosphatase, ga-
lactosyltransferase and succinate-cytochrome c oxidoreductase
activities in cortex homogenates and membrane fractions were
determined by colorimetric procedures described in detail else-
where [13, 17—19]. Osmolality of solutions was measured by
freezing point depression using a micro-osmometer (Precision
Systems Inc., Natick, Massachusetts, USA).
Each experiment was analyzed in triplicate and the mean
value (N = 1) was used for statistical calculations. Significant
differences between control and experimental groups were
analyzed with the Student t-test for group comparisons.
Results
The endosomal fraction from rat renal cortex was character-
ized by assaying for enzymes which are associated with various
subcellular organelles. The activity of the ATP-driven proton
pump was enriched more than 11-fold in the endosomal fraction
compared to the starting cortex homogenate (Table 1). This
proton pump was inhibited 95% by N-ethylmaleimide at 1.0
m. The activities of alkaline phosphatase and gamma-glu-
tamyltranspeptidase (brush border membranes) were enriched
only slightly. Na/K-ATPase (hasolateral membranes), acid
phosphatase (lysosomes), glucose-6-phosphatase (endoplasmic
reticulum) and galactosyltransferase (trans-Golgi membranes)
activities were not enriched, while succinate-cytochrome c
oxidoreductase (mitochondria) activity was markedly reduced
in the endosomal fraction (Table 1). Based on these criteria we
conclude that the endosomal fraction is enriched in endosomes
relative to plasma membranes and other subcellular organelles,
as reported previously [131.
The endosomal vesicle fraction showed a time-dependent
accumulation of P1. During the early phase (0.5 to 2.0 mm) the
Pi accumulation was stimulated two- to four-fold by the pres-
ence of a sodium gradient ' = 0, Na1 out = 100 mM)
compared to when NaCI was replaced by 100 mit KCI (Fig. 1).
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Fig. 1. Uptake of Pi by endosomal vesicles in the presence of 100mM
extra vesicular NaC! (circles), and when NaCI was replaced by 100 mM
KCI (triangles). Final P1 concentration in the incubation medium was
0.1 m. Data represent mean SE from nine separate experiments.
* Significantly different (P < 0.05) from Pi uptake in the absence ofNa.
At 120 minutes the accumulation of Pi was similar in both the
presence and absence of Na, suggesting that an equilibrium
was achieved. An initial "overshoot" phase, characteristic of
Na/Pi cotransport by brush border membrane vesicles, was
not present. The characteristic overshoot also was not observed
when extravesicular C1 was replaced by gluconate, a less
permeant anion (data not shown), indicating that the lack of an
overshoot was not due to faster dissipation of the Na gradient
due to increased permeability to C1.
Transport of D-glucose by endosomal vesicles showed simi-
lar characteristics to Pi transport. Uptake at two minutes was
stimulated fivefold by a Na gradient, but at 120 minutes the
uptake was similar both in the presence and absence of Na
(Table 2). There was no overshoot. Based on the 120 minute
uptake of 40 pmol/mg protein in Na' medium and an extrave-
sicular glucose concentration of 0.05 mt, the intravesicular
volume of endosomal vesicles was calculated to be 0.80 pJ/mg
protein. In contrast, D-glucose uptake by brush border mem-
brane vesicles showed an overshoot at 0.5 minutes in the
presence of Na' (Table 2). Using the 120 minute uptake of 44
pmol/mg (Table 2) for brush border membrane vesicles, the
intravesicular volume was 0.88 gil/mg.
An increase in the osmolality of the extravesicular medium,
by addition of sucrose, produced a decrease in Na gradient
dependent Pi accumulation at both 2 and 120 minutes, indicat-
ing that most of the Pi accumulation was due to Pi uptake into
the intravesicular space. Osmolalities of 306, 455 and 617
mOsmol/kg were tested. There was a linear relationship (r =
0.99) between Pi accumulation and the reciprocal of these
osmolalities. The data based on two minute uptakes are shown
in Figure 2. Projection of the lines to infinite osmolality mdi-
Table 2. Comparison of D-glucose uptake by endosomal and brush
border membrane vesicles
Endosomes
2.0 mm
120 mm
Brush border membranes
0.5 mm
120 mm
Glucose uptake pmollmg
protein
Na K
200±17 ND
44±9 ND
Final concentration of D-glucose in the incubation medium was 0.05
m. Glucose uptake was determined in the presence of either 100 mM
NaCl or 100 msi KCI. Data are mean SE of three independent
experiments. ND, not determined.
80
60
cated, indirectly, that binding of Pi accounted for 16 and 31% of
total Pi accumulation at 2 and 120 minutes, respectively. A
similar time-dependent increase in Pi binding was observed
previously in brush border membrane vesicles [16].
To determine if the Pi uptake was mediated by a specific
transporter, endosomal vesicles were preloaded with non-
radiolabeled P1 prior to uptake studies with 32Pi. The P1 preload
produced a two- to threefold stimulation of the initial phase of
Na-dependent uptake of Pi under conditions where [Na0,1 =
[Na]. However, the uptake at 120 minutes was not changed
compared to vesicles which were not preloaded (Fig. 3). The
Na-independent accumulation of Pi, determined when both
intravesicular and extravesicular Na was replaced by K' ,was
not increased by preloading with Pi. For example, the Nat-
independent Pi uptake was 168 pmol/mg/30 sec (N = 2) in
preloaded vesicles compared to 222 pmol/mg/30 sec (N 2) in
21 3
40 4
4±250 4
C
E
E
0
E0
40
20
0 1 2 3 4
Osmol1
Fig. 2. Uptake of Pi by endosoma! vesicles in the presence of 100mM
NaCI and 0.1 msi Pi. Osmolarity of the incubation medium was
increased by addition of sucrose. Data are mean values from two
independent experiments. Correlation coefficient (r) was 0.99.
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Fig. 3. Comparison of Na-dependent Pi uptake by endosoma! t'esi-
des preloaded with 2.0 mtt K2HPO4 (broken line) and Pi uptake by
vesicles which were not preloaded (solid line). Preloading was achieved
by incubating the endosomal preparation at 25°C for 30 minutes in 30 ml
medium containing (final concentrations) 100 ms NaCI, 100 m man-
nitol, 5 mri Hepes-Tris, pH 7.4, and 2.0 ms'i K2HPO4. After this time
the endosomal vesicles were recovered by centrifugation, resuspended
in a small volume of the same medium and stored on ice until required.
Controls (no Pi preload) were treated the same way with medium from
which K2HPO4 was omitted. Natdependent uptake of 32Pi was deter-
mined in the presence of 100 ms NaCl but without a Na gradient
(Na0 = Na1) by the standard procedure. However, since the pre-
loaded vesicle suspension already contained 2 mi K,HPO4, two
different uptake solutions were used so that the final concentration of
K2HPO4 after addition of the vesicle suspension was the same (0.73
mM) for both groups. Thus, the final specific activity of 32Pi also was the
same for both groups. Data are mean SE from two independent
experiments.
the absence of a preload. These findings suggest that Nat-
dependent Pi uptake by endosomal vesicles represents uptake
via a specific transporter.
Additional evidence supporting the presence of a specific Pi
transporter was obtained by the use of arsenate, a specific
competitive inhibitor of Na/Pi cotransport [16]. Na gradient
dependent Pi uptake was inhibited 82% by KH2AsO4 at a final
concentration of 5 ms't. Values were 164 40 (mean SE) in
controls compared to 30 19 pmol/mg/2 mm when arsenate
was present (P < 0.05, N = 3). In separate experiments, using
different endosomal preparations, arsenate had no significant
effect on Na-independent Pi uptake. Values in controls were
103 31 compared to 76 45 pmol/mg/2 mm when 5 mri
arsenate was present (P> 0.05, N = 3). The observations that
neither a P1 preload nor arsenate produced a change in Na -
independent Pi uptake suggest that this component represents
Pi uptake via a non-carrier mediated pathway such as simple
diffusion.
Phosphonoformic acid, another competitive inhibitor of
Na/Pi cotransport [201, also produced significant inhibition of
P1 uptake by endosomal vesicles. Na * gradient dependent Pi
uptake was 129 22 in controls compared to 82 3 pmol/mg/2
mm in the presence of 5 mis'i phosphonoformate (P < 0.05, N
1.8
*
0.6
Q.
0
E
ai 0.4
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0
50
BBM protein, % of total
Fig. 4. Na-dependent Pi uptake by renal brush border membranes
diluted *i'ith different amounts of heat-treated homogenate from renal
cortex. Uptake at 30 sec (open columns) and 120 mm (hatched columns)
was determined in the presence of 100 mM NaCI and 0.l msi Pi. Total
protein in each uptake tube was kept constant at 0.14 0.01 mg,
equivalent to a final concentration of 2.8 0.3 mg/mt incubation
medium. Inset shows pattern of Na-dependent Pi uptake (nmol/mg
protein) in endosomal vesicles for comparison. Data are mean SE of
3 independent experiments. * Significantly different (P < 0.01) from Pi
uptake at 120 mm.
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4). The same concentration of phosphonoformate was reported
to inhibit brush border membrane transport of Pi by about 80%
[201, suggesting that it may be a less potent inhibitor of
endosomal P1 transport.
There is a small enrichment of brush border enzyme activities
in the endosomal fractions used in these studies (Table I), and
the next experiments addressed the issue of whether the endo-
somal Pi transport activity could be due simply to the presence
of a small amount of brush border membrane vesicles. Freshly
prepared brush border membrane vesicles were diluted by
addition of renal cortex homogenate which was previously
denatured by heating to 90°C for 10 minutes. The total protein
in each assay tube was kept constant at 0.14 0.01 mg. When
brush border membranes accounted for 100% of the protein,
there was an overshoot at 30 seconds at which point the Na
gradient-dependent Pi uptake was five-fold greater than the
uptake at 120 minutes (Fig. 4). As expected, the amount of Pi
uptake declined as the proportion of brush border membrane
protein declined. However, the overshoot was maintained until
brush border membranes were less than 10% of the total
protein. At further dilutions to S and 2.5% the P1 uptakes at 30
seconds and 120 minutes were not significantly different. In
contrast, the pattern of Na4 gradient dependent P1 uptake in
1074 Abraham et a/: Phosphate transport in kidney endosomes
vesicles Endosomal vesicles
pH = 8.5 pH=6.0 pH = 8.5 pH = 6A
1.0 1036 210 393 l02 56 21 76 16
120 529 118 518 139 1908 437 2476 903
Intravesicular pH = extravesicular pH. Values represent means SE
of5 separate experiments, each analyzed in triplicate.
Nat-dependent P1 uptake significantly different (P < 0.05) com-
pared to pH 8.5
before and after addition of endosomal vesicles. Addition of
endosomes prepared at pH 7.4 decreased fluorescence by only
59 13 units (mean SE) and the decrease was not reversed.
In contrast, addition of endosomes which had been preincu-
bated in pH 6.0 medium produced an initial rapid decrease in
fluorescence of 259 14 units (P < 0.005, N = 3) which was
followed by a slow increase. The latter observation is consistent
with the presence of an acidic intravesicular space which
accumulated acridine orange and quenched the fluorescence.
The subsequent increase in fluorescence probably reflects dis-
sipation of the initial pH gradient.
The stimulation of endosomal Pi uptake by an outwardly
directed proton gradient (Fig. 5) suggests that Pi uptake via
H/Pi cotransport or 0H/Pi exchange is unlikely. However,
the possibility that H/Pi exchange occurs was tested in light of
the report ofH/Ca2 exchange in rabbit renal endosomes [30].
ATP-induced quenching of acridine orange fluorescence during
the proton pump assay (Methods) was not changed significantly
by the addition of extravesicular Pi at either I mM or 5m final
concentrations. The rate of fluorescence quenching in the
presence of 0, 1, and 5mM Pi was 159 35, 156 29 and 130
22 U/mm/mg protein, respectively (mean SE, N = 4). Thus
there is no evidence of H/Pi exchange in the endosomal
fraction.
A different response between endosomal and brush border
membrane fractions was seen in acidic medium but in the
absence of a proton gradient (pH1 = pH00). Under these
non-gradient conditions an acidic pH produced no significant
change in Na gradient-dependent Pi uptake by endosomal
vesicles, determined both during the initial phase (1.0 mm) and
at the 120-minute equilibrium point (Table 3). In contrast, the
initial phase (but not the equilibrium point) of Na gradient-
dependent Pi uptake by brush border membrane vesicles was
decreased significantly at acidic pH (Table 3), a finding consis-
tent with previous reports [16, 23].
The N-ethylmaleimide (NEM)-sensitive proton pump is an
integral component of endosomes [13, 25—27], and we deter-
mined next if the apparent endosomal P1 transport activity was
located in the same membrane fraction as the proton pump.
This was tested by adding ATP to the extravesicular medium.
We reasoned that activation of the proton pump by ATP would
acidify the endosomal interior and this would stimulate Na
gradient-dependent P1 uptake, based on the response of this
transport system to a proton gradient (Fig. 5). When Na
gradient dependent Pi uptake by the endosomal fraction was
£a
0
.
Table 3. Effect of pH on phosphate transport into brush border and
endosomal vesicles (no proton gradient)
Na* gradient-dependent P1 uptake pmollmg protein
Bmsh border membrane
Time
mm
2
1400
1200
1000'
' 8000
6000
-c0.
ci,
4000
200
120
Time, minutes
Fig. 5. Pi uptake by endosomal vesicles in the presence (open symbols)
and absence (solid symbols) of a proton gradient (intravesicular >
extravesicular). In both conditions, Pi uptake was measured in the
presence (circles) and absence (triangles) of extravesicular NaCI (100
mM). When absent, NaCI was replaced by 100 mr't KCI. The proton
gradient was established by preloading the vesicles with 300 mt'i
mannitol, 12 msi MES (pH 6.0). When no proton gradient was required
the vesicles were preloaded with 300 mrt mannitol, 12 mt Hepes (pH
7.4). Uptake of Fl was determined in the standard transport medium
(pH 7.4) containing 0.1 mi Pi. Data are mean values from two
independent experiments.
endosomal vesicles showed significantly higher (ninefold) up-
take at 120 minutes compared to 30 seconds (Fig. 4, inset). This
pattern could not be reproduced by diluting brush border
membrane vesicles. Based on these functional data we con-
clude that brush border membranes account for less than 10%
of the total protein in the endosomal preparations, and that
endosomal Pi uptake cannot be attributed to the presence of
brush border membranes in the endosomal preparations.
Since the Na/Pi cotransport system in the renal brush
border membrane is sensitive to medium pH 121—23], the pH
dependence of Pi transport in the endosomal fraction was
determined. The first series of experiments tested the effect of
a proton gradient (pH1 < pH01) formed by preloading the
vesicles with acidic medium (pH 6.0) and determining Pi
transport in incubation medium at pH 7.4. The acidic intrave-
sicular pH produced marked stimulation of Na gradient de-
pendent Pi uptake at all time points except equilibrium (120
mm), but did not change the Na-independent P1 uptake (Fig.
5). This is a similar response to that observed in renal brush
border membrane vesicles [21, 22]. In these experiments we
verified that endosomal vesicles prepared at pH 7.4 would
acquire an acidic intravesicular pH when suspended in pH 6.0
medium. A procedure described previously [24] was used in
which endosomal vesicles were added to the acridine orange
medium (pH 7.0) used in the proton pump assay except that
ATP was omitted. Fluorescence of the medium was measured
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Fig. 6. Pi uptake by endosomal vesicles in the presence (open symbols)
and absence (closed symbols) of ext ravesicular ATP (2.5 mM). In both
conditions, Pi uptake was measured in the presence (circles) and
absence (triangles) of extravesicular NaCI (100 mM). When absent,
NaCI was replaced by 100 mat KCI. Pi was added to the incubation
media in amounts calculated to give a final concentration of 0.1 mM.
Data are the mean values from nine separate experiments, and error
bars have been omitted for clarity. * Significantly different (P < 0.05)
compared to Na gradient dependent Pi uptake in the absence of ATP
(solid circles) at the same time point.
determined in the presence of extravesicular ATP, there was
significant stimulation of Pi uptake at the two minute time point
(Fig. 6). In additional experiments (not shown) the stimulatory
effect of ATP on Pi uptake was observed also at 4, 7 and 10
minutes. For example, Pi uptake in controls was 76 4 and 98
2 (mean SE, N = 3) at two and seven minutes, respectively,
compared to 115 9 and 137 4 pmol/mg (P < 0.005) at two
and seven minutes in presence of ATP. At earlier time points,
and at equilibrium, there was no change in Pi uptake (Fig. 6).
Na-independent Pi uptake was not changed significantly by
ATP at any time point (Fig. 6).
When the proton pump was inhibited by pretreatment of
endosomal vesicles with 1.0 mat NEM for 15 minutes the
stimulatory effect of ATP on Pi uptake was blocked (Table 4).
Inhibition of the proton pump by replacing extravesicular
chloride with gluconate [281 also blocked the stimulatory effect
of ATP (Table 4). Based on the stimulatory effect of ATP on
Na gradient dependent Pi uptake, we conclude that our
preparation contains endosomes which have both a proton
pump and a Pi transport system. The absence of stimulation
Effect of NEM (N = 9)
No additions (control)
+ NEM (1.0 mM)
+ ATP (2.5 mM)
+ NEM, + ATP
Effect of chloride deletion (N = 4)
Chloride present (control) 76 4
Chloride absent 65 4
Chloride present, + ATP 125 lO
Chloride absent, + ATP 72 6
Different endosomal preparations were used for NEM and chloride
deletion studies. Endosomal vesicles were preincubated with 1.0 mat
NEM for 15 minutes at room temperature (281 prior to transport studies
and NEM was included in the uptake medium. Chloride deletion was
accomplished by replacing NaCI in the uptake medium with 100 mM
sodium gluconate. Final Pi concentration was assumed to be 0.1 mat.
Data are the mean SE of four or nine experiments, as indicated.
a p < 0.05 compared to the respective control (group t test)
when the proton pump was inhibited suggests that ATP stimu-
lates Pi uptake indirectly by activating the proton pump and
acidifying the vesicle interior.
Another series of experiments showed that the specific stim-
ulation by ATP of Na gradient-dependent Pi uptake probably
involves increased uptake via a specific Pi transporter because
the uptake was inhibited by 78% when arsenate (5 mM) was
present. ATP-stimulated Na gradient-dependent Pi uptake
was 316 83 (mean SE) in the absence of arsenate compared
to 68 10 pmol/mg/2 mm when arsenate was present (P < 0.05,
N = 3). This effect was not due to a direct effect of arsenate on
the proton pump. In the presence of arsenate at 5 m the pump
activity was 175 25 fluorescence U/mm/mg protein and was
not significantly different from the value of 164 10 U/mm/mg
(mean SE, N = 3) in controls.
A consistent feature of the Pi uptake studies in the presence
of ATP was the finding that the presence of the nucleotide
decreased P1 uptake at the 120-minute equilibrium time point
(Fig. 6). It is possible that release of Pi due to hydrolysis of ATP
was sufficient to alter the specific activity of the 32Pi. By not
accounting for this extra Pi the specific activity used to calcu-
late Pi uptake in the presence of ATP may have been too high.
The total Pi content was determined in incubation solutions set
up exactly as used for Pi uptake studies. At time zero the P1
content of solutions containing ATP was 0.28 0.06 m, about
threefold higher than the value of 0.08 0.02 in controls (ATP
absent), but did not change significantly at incubation times up
to two minutes (Fig. 7). The additional Pi was shown subse-
quently to be present in the ATP stock sample. By 120 minutes
the Pi concentration of solutions containing ATP was 2.96
1.24 m, an increase of more than 10-fold compared to time
zero, indicating extensive hydrolysis of ATP. The Pi content of
controls did not change significantly compared to time zero, as
expected (Fig. 7). These findings suggest that the apparent
decrease in 120 minute uptake in the presence of ATP may be
due, at least in part, to ATP hydrolysis and dilution of specific
activity of 32Pi.
In light of the results in Figure 7, the final experiments
Table 4. Effect ofN-ethylmaleimide or chloride deletion on ATP-
stimulated phosphate uptake
.
A
0
A
0.
0.
0
0
1040
1000
280
240
200
160
120
80
40
Nat-dependent Pi transport
pmo!/mg/2 mm
119 14
122 29
197 30
80 14
1 2 120
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Fig. 7. Pi concentration of incubation mixture when endosomal vesi-
des were incubated for various times in the presence (closed circles)
and absence (open circles) of ATP at a final concentration of 2.5 mM.
Incubation medium contained 100 mat NaCI, 100 mM mannitol, 5 mM
Hepes-Tris (pH 7.4), and 0.1 mat K2HPO4. Protein content was 73 6
g and final volume was 30 tl. Data are mean SE from 3 independent
experiments. * Significantly different (P < 0.001) from Pi content in
same group at time zero.
re-evaluated the ATP effect on Na gradient-dependent Pi
uptake at both 0.5 minutes and 2.0 minutes, times during which
there was no significant change in Pi concentration. Extra P1
was included in controls so that the total Pi concentration and
32Pi specific activity at time zero were the same in all groups. In
addition, the Pi concentration was determined at each time
point in a parallel series of incubations to allow accurate
calculation of 32Pi specific activity. The results with this proto-
col (Table 5) show that the stimulatory effect of ATP was
present at both 0.5 and 2.0 minutes. Furthermore, the stimula-
tion was five- to sevenfold compared to controls, indicating that
the almost twofold stimulation calculated previously (Fig. 6,
Table 4) represented a serious underestimate of the true stim-
ulatory effect of ATP. Compared to ATP, GTP produced
significant but less marked stimulation at both time points and
AMP had no effect (Table 5). The relative effectiveness of ATP,
GTP and AMP to stimulate Pi uptake parallels the ability of
these nucleotides to stimulate the endosomal proton pump [28].
The inhibitory effect of NEM and chloride deletion on ATP-
stimulation of Pi uptake (Table 4) also was reproduced with this
protocol. For example, Na -dependent Pi transport in the
presence of ATP and chloride was 4.1 0.3 in control endo-
somes compared to 0.96 0.01 nmol/mg/0.5 mm in NEM-
treated endosomes (P < 0.01). Chloride deletion reduced the
ATP-dependent Pi uptake in controls to 0.91 0.01 nmollmg/
0.5 mm (P < 0.01).
Table 5. ATP-stimulation of endosomal P1 uptake after correction for
Pi produced from ATP hydrolysis
gradient-dependent Pi uptake
pmol/mg protein
0.5 mm
-
2.0 mm
Experiment
Control
ATP
GTP
Experiment 11
Control
AMP
All nucleotides were present at a final concentration of 2.5 mat. At the
start of the incubations (time zero) the concentration of free Pi in each
group was 0.60 0.12 m in Experiment 1 and 0.12 0.01 m in
Experiment 11. In each experiment the specific activity of 32Pi was
identical in the different groups at time zero. Data are mean SE from
3 separate experiments. Significant differences from controls at the
same time points are indicated by (P < 0.002) and '(P < 0.01).
Discussion
The presence of a Na-dependent Pi transport system in an
endosomal fraction from rat kidney cortex is indicated by the
following. First, there is a time-dependent increase in Pi accu-
mulation which is stimulated, only during the early phase, by an
inwardly-directed Na gradient (Fig. 1). Second, the early
phase of Na gradient-dependent accumulation of Pi (but not
the Nat-independent component) is stimulated by intravesicu-
lar Pi (Fig. 3) and by an increase in intravesicular H (Fig. 5).
Third, a 50-fold molar excess of extravesicular arsenate pro-
duced more than 80% inhibition of Na gradient-dependent Pi
accumulation with no effect on Na-independent accumulation.
Strong evidence that the Na-dependent accumulation of P1
represents transport rather than binding is provided not only by
the studies at different medium osmolalities but also by the
trans-stimulation effect (Fig. 3). Binding of Pi would be inhib-
ited rather than stimulated because the preload step with 2 mM
P1 would saturate all Pi binding sites.
The properties of the endosomal Pi transporter discussed
above are similar to those of the Na-dependent Pi transporter
in the renal brush border membrane. An important difference
between the two systems is the absence of an overshoot phase
in the initial part of the endosomal P1 uptake curve (Fig. 1). The
difference may be due, in part, to the slower initial P1 uptake by
endosomes. This might occur if there was more rapid dissipa-
tion of the Na gradient or if Pi efflux was increased. Direct
comparison (Table 3) reveals a fivefold (pH 6.0) and a 20-fold
(pH 8.5) greater Pi accumulation by brush border membrane
vesicles compared to endosomal fractions. Furthermore, this
comparison is based on Pi uptakes at one minute, a time which
underestimates the true initial rate of Na -dependent Pi uptake
by brush border membranes [21, 23]. The relatively low P1
uptake by endosomal fractions complicates the measurement of
Pi uptake at times shorter than 1.0 minute.
The brush border membrane Nat-dependent Pi transporter
resembles the endosomal system in its stimulatory response to
a proton gradient [21, 221 and the stimulation may reflect an
increase in transporter cycling. It has been suggested [21] that
acidic intravesicular pH favors dissociation of Na from the
carrier and this step, in turn, increases the release of Pi.
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Conversion of divalent Pi to monovalent Pi by acidic intrave-
sicular pH and trapping of the monovalent species also may
contribute to the increased accumulation of Pi, especially under
non-initial rate conditions [21, 22].
The endosomal and brush border membrane Pi transporters
differ, however, in their response to a change in medium pH in
the absence of a proton gradient (Table 3). The decrease in
brush border Pi transport at acidic pH (Table 3) is likely due, as
discussed above, to a decreased affinity of the carrier for Na
and, in turn, for Pi. If the Na concentration (100 mM) is
saturating, the possible preference for divalent P1 and the Jack
of this form at acidic pH also could contribute to the decreased
Pi transport [211. The unchanged endosomal Pi transport at
acidic pH indicates that the Pi transport activity of the endo-
somal preparations is due largely to the endosomal Pi trans-
porter, and that any brush border membrane vesicles in the
endosomal preparation do not make a significant contribution to
the Pi transport activity. The different behaviour of the endo-
somal Pi transporter cannot be explained on the basis of the
data in this study.
Recent work in other laboratories has demonstrated the
presence of a chloride channel [291, a H'1Ca2 exchanger [30],
and ATP-dependent Ca2 transporter [31], and a Na/H
exchanger [14, 24, 25] in endosome preparations which have
proton pump activity. These preparations were derived from rat
or rabbit kidney cortex. Immunohistochemical studies on the
rat kidney have shown the presence of Nat-dependent trans-
porters for glucose and amino acids in apical endocytic vacu-
oles of the proximal convoluted tubule [32]. In light of these
findings the presence of Na-dependent P1 transport in an
endosomal preparation is not unexpected. The ATP-dependent
stimulation of this transport system (Table 4) appears to be due
to intravesicular acidification by the proton pump since the
stimulation is not observed when the proton pump is inhibited
by NEM or chloride deletion (Table 4).
Although the endosomal preparation used in these studies
probably contains both early and late endosomes, as well as
some secretory vesicles, the ATP effect suggests that at least
some of the vesicles contain both a proton pump and a
Na-dependent Pi transporter. Studies with fluorescein isothio-
cyanate (FITC)-labeled dextran indicate that endosomes with
proton pumps are derived from the apical brush border mem-
brane of the proximal tubule. FITC-dextran administered intra-
venously into rats was recovered in the endosomal fraction, and
stimulation of the proton pump by external ATP produced a
decrease in the pH-dependent fluorescence of the trapped
FITC-dextran [13]. Thus, by inference, the endosomal Pi trans-
porter also may be derived from the brush border membrane. If
this is the case then certain pH dependent properties (Table 3)
have been changed in the new environment, It is also possible
that some of the Pi transport activity in the endosomal prepa-
ration may be due to newly synthesized Pi transporters which
have been packaged into vesicles for insertion in the brush
border membrane.
In conclusion, a Na-dependent P1 transport system has been
identified in endosomal preparations from rat kidney cortex. At
least some of the endosomal vesicles contain both a proton
pump and a Pi transporter, indicating that the Pi transporter
may be derived by endocytosis from the brush border mem-
brane. It remains to be determined if the endosomal Pi trans-
porter pool plays a role in the rapid regulation of the Pi
transport capacity of the brush border membrane.
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